Studies of animal models in which there was apparent salvage resulting from administration of antioxidants have generally used administration of these agents before the ischemic period and evaluation of myocardial damage after reperfusion periods limited to a few hours. 26 Only a limited number of studies have been done after 24 hours or more of reperfusion and have also been normalized for critical independent determinants of infarct size, including size of the anatomic intramuscular dose, reduced infarct size, normalized for both region at risk and the level of collateral blood flow, by 60% and 45%, respectively. When infusion of MPG was limited to the last 15 minutes of ischemia and the first hour of reperfusion only, the normalized infarct size was reduced by 26%. Heart rate, blood pressure, and their product did not differ among the four groups studied. The plasma half-time of MPG was < 10 minutes. In in vitro experiments MPG was a scavenger of hydrogen peroxide but not of superoxide radical.
Conclusions After 90 minutes of coronary ligation, infusion of the diffusible hydrogen peroxide scavenger, MPG, for several hours, beginning as late as 30 minutes after the onset of reperfusion, substantially reduced infarct size measured 48 hours later. In this model, necrosis caused by processes during reperfusion may be more extensive than necrosis caused by ischemia alone. Since infusion of this agent for only the first hour of reperfusion was considerably less effective, it appears that most of the oxidant injury leading to necrosis occurred after the first 60 minutes but within the first 4 hours of reperfusion. (Circulation. 1994;89:1792-1801.) Key Words * ischemia * free radicals * oxygen region at risk and the magnitude of collateral coronary flow.7-14 Most of these failed to demonstrate reductions in infarct size with antioxidant interventions.79'10'12'3 An exception was a study in which there was modest benefit from administration of the diffusible antioxidant dimethylthiourea at the onset of reperfusion, with measurements made 48 hours later.14 However, questions remain about the magnitude and importance of reperfusion injury. In addition, little is known about the timing of oxidant reactions during reperfusion and the optimum duration of treatment.
N-(2-mercaptopropionyl)-glycine (MPG) is a lowmolecular-weight synthetic analogue of glutathione, an important endogenous antioxidant. 15 In a study in cultured cardiac myocytes, we found that MPG was more effective than dimethylthiourea in preventing cytotoxicity caused by hydrogen peroxide and was not toxic in high concentrations.16 Therefore, we decided to test the efficacy of this diffusible antioxidant for limiting infarct size. In a canine model subjected to 90 minutes of regional ischemia, we measured infarct size at 48 hours of reperfusion to ensure that we were detecting myocardial salvage rather than delay or temporary modification of necrosis. Care was taken to normalize for independent variables that influence infarct size, and histology was performed to confirm that there was accurate delineation of necrosis by the tetrazolium dye remove bacteria before administration. The filtered, neutralized MPG was reinjected into the 500-mL infusion bag from which the aliquot had originally been obtained. The MPG solution or vehicle was infused at 100 mL/h. For intramuscular doses, 200 mg/kg MPG was dissolved in 15 mL saline, and pH was adjusted to 7.3 to 7.4 with sodium hydroxide.
Experimental Protocol
After a baseline microsphere injection for regional myocardial blood flow determination, LAD occlusion was performed by tightening and clamping of the ligature for 90 minutes. Epicardial cyanosis was apparent in all dogs. Seventy minutes into the occlusion period, a second batch of radioactive microspheres was injected. At the end of the 90-minute occlusion period, the ligature was gradually loosened over approximately 5 minutes and then was removed. One hour later, the left atrial and aortic lines were externalized at the back of the neck through subcutaneous tunnels, and the chest was closed. Appropriate doses of morphine sulfate were given intramuscularly by the investigators or the supervising veterinarian to relieve discomfort during the first 24 hours after surgery. The dogs were returned to the kennel after spontaneous respirations were resumed and infusions of experimental drugs had been completed. During the next 2 days they were fed a standard diet. The wounds were cleaned and the catheters flushed with heparinized saline each day. Forty-eight hours after reperfusion had begun, the dogs were returned to the laboratory and again anesthetized with pentobarbital sodium through the left atrial catheter. The thoracotomy incision was reopened, heparin (5000 IU IV) was administered, and the heart and proximal aorta were removed.
The protocols are outlined in Fig 1. Four 
Regional Myocardial Blood Flow
Regional myocardial blood flow was assessed using 15-,umdiameter microspheres labelled with 'Sc or '5Sr (Dupont, Wilmington, Del). Approximately 1.5 million microspheres with one of these labels in a 0.01% Tween 80 suspension (in 10% dextran) were diluted to a final volume of 2 mL with 0.9% NaCl. After vigorous agitation, the microspheres were injected into the left atrial catheter and flushed in with 6 mL of 0.9% NaCl. Starting 10 seconds before injection of the microspheres and continuing until 3 minutes after the injection, a reference sample was withdrawn from the aortic catheter at a rate of 4 mL/min.614 This procedure was done before occlusion and 70 minutes into the occlusion period, using a different isotope each time.
After the hearts were perfused with dyes and sliced, each slice was divided into regions of normal, ischemic but noninfarcted, and infarcted regions. Sections from each zone were sectioned into epicardial, midwall, and endocardial samples. Samples were weighed and counted in a gamma spectrophotometer (model 5000, Packard Instrument Co, Inc, Meriden, Conn) using appropriate energy windows. Background and crossover counts from the other isotope were accounted for and blood flow measurements in mL 100 g`* min-' were obtained as described previously.6"4 To avoid errors from microsphere leakage or tissue edema, flows to the infarct zone during the ischemic period were multiplied by a correction factor. This factor was calculated as the ratio of the preocclusion blood flow in nonischemic myocardial zones to preocclusion blood flow in the zone that was subsequently infarcted. 14 
Histopathology
The ability of the TTC stain method to distinguish viable, previously ischemic tissue from infarcted tissue was assessed by histopathology. Sections of myocardium from TTC-positive (red), TTC-negative (unstained), and Evans blue-stained sections were selected from three control group and three MPG group 1 dogs and stored in 10% buffered formalin. The segments were embedded in paraffin, and serial sections were stained with hematoxylin and eosin. The sections were semiquantitatively assessed for coagulative necrosis, contraction band necrosis, interstitial edema, hemorrhage, and interstitial neutrophil infiltration.
All sections were reviewed in a blinded manner by a cardiac pathologist (R.H.S.). Presence of coagulative necrosis characterized by changes in staining qualities and loss of myocyte subcellular structural detail was scored as 0, none (normal); 1, mild; 2, moderate; and 3, severe. Presence of contraction band necrosis characterized by myocyte contraction bands accompanied by myocytolysis was scored as 0, none (normal); 1, occasional; 2, moderate; and 3, frequent. Interstitial edema was scored as 0, normal; 1, focal and mild loosening of interstitial connective tissue stroma; 2, diffuse and moderate loosening of interstitial connective tissue stroma; and 3, diffuse and severe loosening of interstitial connective tissue stroma. Hemorrhage was scored as 0, absent; 1, focal with mild extravasation of erythrocytes; 2, focal or diffuse but moderate extravasation; and 3, diffuse with severe extravasation. Neutrophil infiltration was scored as 0, absent; 1, present in a few high-power fields; 2, present in approximately half of highpower fields; and 3, present in most high-power fields.
Measurement of Plasma MPG Levels
A technique that combined gas chromatography with mass spectrometry (GC/MS) was used to measure plasma levels of MPG. Plasma samples (0.1 mL) were acidified with 0.1 mL of lON hydrochloric acid. MPG was extracted with ethyl acetate, which was then dried under nitrogen at 60°C. The dried extract was derivatized with 15% N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide (Pierce, Rockford, Ill) for 1 hour at 100°C to produce a di-(tert-butyldimethylsilyl) derivative. The samples were analyzed with an HP 5890 gas chromatograph (Hewlett-Packard, Palo Alto, Calif) fitted with a 15M DB1 fused silica column (J&W Columns, Rancho Cordoba, Calif). The initial temperature was 140°C and was increased to 200°C at a rate of 10°C per minute. Injection port and transfer line temperatures were maintained at 250°C. The gas chromatograph was interfaced to an HP 5970 mass selective detector (Hewlett-Packard) operated in the selected ion monitoring mode. Ions monitored were m/z 376, 334, and 274. The ion at m/z 334, which corresponded to loss of one of the t-butyl moieties from the derivatized MPG, was used for quantitative analysis. The of normal and ischemic regions within each animal were done by the paired t test. Regression coefficients were calculated by the least-squares method. Collateral ischemic blood flow versus infarct size as a percent of risk area (MI/RISK) was assessed by ANCOVA,1920 with transmural flow in the ischemic region assigned as the independent variable and MI/ RISK as the dependent variable. For all analyses, a value of P<.05 was considered to be significant. To avoid bias from dogs in which the severity of ischemia was insufficient to ensure likelihood of an infarct of sufficient size so that effects of interventions could be meaningfully analyzed, a transmural regional myocardial blood flow <30 mL-100 g-1 min-1 in at least one ischemic segment was preselected as necessary for inclusion of an animal in the statistical analysis.
Results

Study Groups
Initially it was planned to study only two groups: controls and the one designated MPG group 1. However, after 4 There were no significant differences among the groups in endocardial-to-epicardial regional flow ratios in the normal or ischemic zones during ischemia, although there was a trend for a lower ratio in MPG group 3. Endocardial-to-epicardial ratios in the ischemic zones were 0.49+0.09, 0.41+0.06, 0.56±0.15, and 0.32±0.06 for control and groups 1, 2, and 3, respectively. Within each group there were substantial and significant (P<.01 in all cases) reductions in endocardial-to-epicardial ratios in the ischemic zones compared with the normal zones in the same dogs. Hemodynamics There were no significant differences among the groups in heart rate, mean aortic blood pressure, or the product of heart rate and mean aortic blood pressure during ischemia or reperfusion. The mean values for heart rate-blood pressure product are plotted in Fig 3. Myocardial Infarct Size There were no differences among the four groups in the ratio of the weight of the risk region to the total left (Fig 4, bottom) In all the dogs there was neutrophil infiltration in the infarct zones. The neutrophil infiltration appeared to be more marked in the infarcts in the MPG-treated dogs. There was hemorrhage and edema in the infarct zone in all 3 of the MPG dogs and 1 of the 3 control dogs. There were no abnormalities in any of the remote regions not exposed to ischemia in either group. In one of the MPG-treated dogs there were occasional necrotic cells, moderate neutrophil infiltration, and minimal interstitial hemorrhage and edema in the ischemic-viable (TTC-positive) region, although there were many normal-appearing myocardial cells as well. The infarct region (TTC-negative) in the same dog had more uniform necrosis and more severe neutrophil infiltration, interstitial edema, and hemorrhage. In the other two MPG dogs and all the control dogs, the ischemic-viable zones were entirely normal. Therefore, the TTC staining method appeared to accurately delineate the infarct region in both control and MPG-treated dogs, and MPG did not prevent leukocyte accumulation in the infarct region. 3 .1%. Therefore, MPG was an excellent scavenger of hydrogen peroxide at the same drug concentration (100 ,g/mL) as measured during the infusions in our protocols in vivo.
MPG Blood Levels
However, at a range of doses from 0.5 to 653 ,ug/mL, MPG had no effect on reduction of ferricytochrome c by superoxide radical. In the absence of MPG the rate of reduction was 4.27x 10-4 absorbance units/s, and at the highest concentration of MPG it was 4.35 x 10`absorbance units/s. Therefore, MPG is not a scavenger of superoxide radical even at more than a sixfold greater concentration than occurred during our infusions.
Discussion
Because of discrepancies in the results of studies of effects of superoxide dismutase on myocardial infarct size in animal models of ischemia and reperfusion, there has been a reevaluation of the reliability of estimations of this measurement. 20 The high cost and considerable time required to estimate infarct size by histological methods has led to use of tetrazolium dyes, which form colored precipitates in tissue with intact dehydrogenase enzyme systems. 21 The use of TTC, the dye employed in this study, has been carefully validated for detection of infarct size in dogs.21 It has been recognized that discrepancies between untreated and treated groups of animals in several physiological variables that influence infarct size must be accounted for by a satisfactory normalization process to ascertain whether a treatment is effective. Postmortem injections of dye through occluded and nonoccluded coronary arteries have been used frequently for estimation of the volume of myocardium at risk from ischemia, an important determinant of infarct size.2,22 Heart rate and blood pressure and their product are important hemodynamic determinants of myocardial oxygen consumption that must be taken into account if there are differences in these measurements among groups being compared.20 Recently, there has been evidence that the level of collateral blood flow to the ischemic region during coronary occlusion is also an important determinant of infarct size, and the advisability of normalizing for variations in this measurement by ANCOVA has been stressed.20 Failure to normalize for collateral flow level variation may account for many of the discrepancies in results of studies of effects of superoxide dismutase on myocardial infarct size."
Although the majority of studies of infarct size during ischemia and reperfusion have performed measurements within the first 6 hours of reperfusion, it has been suggested that this may be misleading, because some interventions may delay necrosis but not prevent it.14.23 The studies that avoided this problem by waiting at least 24 hours after reperfusion began before measuring infarct size and also normalized for size of the risk region and, by ANCOVA, for collateral blood flow during ischemia are shown in Table 2 . Although two studies with different forms of superoxide dismutase reported reductions in infarct size,8 four others concluded that this agent alone or together with catalase had no benefit.79 2'3 Possible reasons for the ineffectiveness of superoxide dismutase include its high molecular weight, which makes it unlikely that it can readily enter myocardial cells, and the possibility that scavenging of superoxide radical alone may not prevent injury from other reactive oxygen species. In one study from our laboratory, dimethylthiourea, a diffusible scavenger of hydrogen peroxide and hydroxyl radical with a halflife of 43 hours, was used in our canine model.14 When administered at the onset of reperfusion after 90 minutes of regional myocardial ischemia, a bolus of dimethylthiourea modestly but significantly reduced infarct size after 48 hours of reperfusion.'4 Because of our success with dimethylthiourea, we hypothesized that antioxidants that readily enter myocardial cells and can be administered in a manner that allows effectiveness for several hours were most likely to offer optimal protection against reperfusion injury. In studies of cultured cardiac myocytes, we observed that MPG, a low-molecular-weight synthetic analogue of glutathione with little apparent toxicity in humans or animals, was more effective than dimethythiourea in preventing injury from exposure to hydrogen peroxide.16 Therefore, we decided to test its efficacy in preventing myocardial necrosis in intact dogs.
Previous studies of MPG in animals subjected to myocardial infarctions have had mixed results. Tsao et a124 found minimal benefit in attenuating coronary endothelial injury and no effect on myocardial injury after a 40-minute infusion of MPG at a rate of 8 
